ABSTRACT Abundances. of the titanium isotopes were determined using a new high-precision technique that s~ows. terrestnal, lunar, an~ bulk meteorite samples to be indistinguishable. Ca-Al-Ti-rich inclusiOn~ m the Allende meteonte are found to contain Ti of widely varying isotopic composition reflectl.ng the :presence of at least three nucleosyJ?-thetic components. The anomalies in Ti appear to be rel!l-tlvely widespread. and, when correlated with Ca data, provide a clue to nucleosynthesis in the neighborhood of the uon peak and to the late-stage nucleosynthetic processes which immediately preceded formation of the solar nebula.
I. INTRODUCTION
We report the discovery of variations in isotopic composition of titanium in four inclusions from the Allende meteorite. Extensive searches for isotopic anomalies have been carried out in meteorites, and clear evidence has been found in 0, Ne, Mg, Ca, Kr, Sr, Xe, Ba, Nd, and Sm due to nuclear-astrophysical processes. Isotopic enrichments have been found in 26 Mg, 107 Ag, and 129 Xe due to decay of the short-lived progenitors 26 Al (0.7 X 10 6 yr), 107 Pd (6 X 10 6 yr), and 129 I (17 X 10 6 yr). As a result of these observations, it is widely believed that many isotopic effects result from the injection of freshly synthesized material from supernova sources into the ambient interstellar medium immediately prior to solar system formation. Two Ca-Al-Ti-rich inclusions (C-1 and EK-1-4-1) are of particular importance because almost every refractory element so far studied in these objects is isotopically anomalous. This may be used to search for regularities in the nuclear systematics as a function of atomic number and neutron number.
In this study we attempted to pursue a possible chain of nuclear reactions in the general region of the iron abundance peak. As Fe is in very low abundance in the "high-temperature" Ca-Al condensates, we chose to study Ti which is a major constituent of these materials. Although Ti is in the general region of the Fe peak, there is substantial uncertainty as to the nucleosynthesis of the Ti isotopes (Bodansky, Clayton, and Fowler 1968; Michaud and Fowler 1972; Howard et al. 1972; Cameron 1979) . From previous studies it was known that Ca shows anomalies at masses 42 and 48 (Lee, Papanastassiou, and Wasserburg 1978; Lee, Russell, and Wasserburg 1979; Niederer and Papanastassiou 1979) . It was plausible to suppose that anomalies should exist inTi with atomic masses 46, 47, 48, 49, and Heydegger, Foster, and Compston (1979) , who measured a Ti+ ion beam with an ion yield (ions detected/atoms in the source) of and obtained a precision of ,....,_ ± 1 part per thousand for an analysis. These workers inferred an isotopic shift in 50Ti in Allende inclusions from a statistical analysis of their combined data from several inclusions. However, the inferred effect was within the limits of error for analyses of individual inclusions, and these workers were not able to replicate or resolve any effects.
II. RESULTS
We have found that TiQ+ forms a stable and intense ion beam with an ion yield of ,..._,lQ-4 with Ta20 6 as a matrix and using thermal ionization techniques. Samples of 2 X 1Q-6 g of Ti gave ion beams of 2 X lQ-11 A for 48 same sample. In determining Ti ratios the only large correction for oxygen isotopes occurs at mass 66 (soTpso + 4BTPSO + 4 9'fjl7Q). The isotopic abundances for a terrestrial standard are shown in Table 1 and show a typical precision of ± 1 EU (1 E unit is 1 part in 10 4 ) 2 O"mean for an individual experiment. Data were obtained on two instruments and found to be in good agreement and in accord with the grand average for terrestrial Ti as reported by Heydegger, Foster, and Compston (1979) . In addition to the standard, a terrestrial basalt, a lunar basalt, and a sample of bulk Allende meteorite were analyzed. All these materials show a Ti isotopic composition indistinguishable from the standard to within 2 EU. Enriched standards made of normal Ti mixed with 47 Ti and 4 9'fi were prepared and analyzed. Measurements were made on two FUN inclusions, C-1 and EK-1-4-1, from Allende. The remaining world reserves of EK-1-4-1 are small so that the material available is very restricted. Pyroxenes rich inTi (,..._,8% Ti) weighing ,...._,10-4 g were picked and analyzed after chemical separation of Ti (sample I). Aliquots of sample I were analyzed on the Lunatic I and III spectrometers. The results are in excellent agreement and show the Ti to be distinctly anomalous. The pattern of the anomalies for normalization at 46 Ti and 48 Ti is shown in Figure la . The chemical separation was repeated on a part of the previously separated Ti fraction and the results confirmed (see Table 1 , note C). An additional analysis on a separately prepared sample of pyroxene (II) confirms these results. Fassaitic pyroxene (5 X 10-4 g) was handpicked from C-1 and analyzed (sample I). The results show a large negative anomaly at 5 0Ti of -51 EU, a negative anomaly at 49 Ti, and a positive anomaly at 47 Ti. An additional analysis done on a separately prepared pyroxene (II) replicates the data on the first C-1 sample. To firmly establish the existence of effects in C-1, measurements were made of Ti+ as well as Tio+. Because of the much smaller Ti+ ion beam, data were taken both with the Faraday cup and with an electron multiplier. The precision of the Ti+ data is a factor of 5-10 lower than obtained on TiO+. The multiplier data using the Ti+ beam are shown in Table 1 (bottom lines) for the terrestrial standard and for C-1. These data quantitatively confirm the results on 50 Ti for C-1. To test whether Ti in more "typical" The isotopic abundances of Ti from titaniferous pyroxenes in Ca-Al-Ti-rich inclusions in the Allende meteorite are found to be distinctly different from that in terrestrial and lunar materials. Using a normalization to 4 6Ti and 4 6Ti to correct for isotopic mass fractionation effects, a complex set of isotopic anomalies is observed at masses 47, 49, and 50. Anomalies are present at the level of +35 and -51 eu at mass 50 in the FUN samples EK-1-4-1 and C-1, respectively; smaller but well-resolved effects are also found in two Table 1 . Replicate analyses are shown spread out near the respective mass number. Top: FUN inclusion EK-1-4-1. Middle: FUN inclusion C-1. Bottom: small but distinctive anomalies in EGG-1 and EGG-3. These data require at least three nucleosynthetic components.
other Allende inclusions. This indicates that Ti isotopic anomalies are endemic in this type of material. Titanium is thus the only other measured element which shows widespread isotopically anomalous compositions similar to the ubiquitous anomalous oxygen discovered by Clayton, Grossman, and Mayeda (1973) . Whether there is a quantitative correlation between the Ti and 0 anomalies remains to be seen. For EK-1-4-1 and C-1 the signs of the effects forTi and the number of nuclei required to cause the effects are similar to those found for 48 Ca.
In discussing the patterns shown in Figure 1 , it is useful to consider two simple models for reference. Model I is the case where exotic material (E) of a uniform isotopic composition is added to average solar material (N) . In this case, for isotopes M1, M1 + 1, etc. (labeled 1, 2, etc.), the observed deviations E;k of isotope j relative to isotope k are given by e;k X lo-4 = [(w;*zE/w;zN) (1) where w;* are the fractional atomic abundances of exotic (*) nuclei of the element (w;* = N;* /"2• N;*); z8 is the total number of exotic nuclei added; N;* is the number of exotic nuclei of species j; and w; and ZN are the fractional isotopic abundances of normal solar material and the total number of normal nuclei, respectively. The discrimination factor per mass unit is a, which in general is not known for any given experiment on nonnormal material. Since no data are available on absolute ratios to the required precision, a convenient pair of isotopes (u, v) is used for normalization. This gives Euv = 0 for all results of this type and, from equation (1), yields a relationship between a and (wu * /wu -w. * /w.). If all data are arbitrarily normalized to, say, isotopes 1 and 3 (such as 46 and 48), then Eal = 0 and a = (wa* lwa -w1* /Wt)ZE/2zN, which reduces equation (1) to the form e;1 = z8 q;1, where q;1 is the value of e;1 for z8 = 1. Thus all patterns resulting from addition to normal (two components N and E) must scale by a factor z8 (zE ~ 0) for all isotopes and e;1 cannot change sign for different samples (Fig. 2a) .
Model II is the case where protosolar material with uniform initial abundance I has exotic material (E) of isotopically uniform abundance added to it. This results in normal material being a mixture of I and E components. The number of exotic nuclei required to comprise "normal" composition is z8 with relative abundance w;*. Let the number of initial undiluted nuclei be z1 with relative abundances W/. Then
If we again arbitrarily normalize to isotopes 1 and 3, the chosen end member and all E;1 simultaneously change sign as a function of ZE. From inspection of Figure 1 and consideration of the above rules, it may be seen that the Ti data cannot be explained by either Model I or Model II. For example, if C-1 were the least contaminated starting material, then the other samples (including normal) cannot be related to it by addition. The same conclusion holds if we assume that EGG-3, normal, and EK-1-4-1 represent two-component mixtures. We conclude that there are at least three distinct nucleosynthetic components of Ti present in the samples studied, and that the materials preserved in Allende inclusions are representative of incomplete mixtures from a wide variety of nuclear processes.
The general pattern for EK-1-4-1 for Ti appears to indicate excesses at all unshielded isotopes and follows the anomaly pattern found for Ba, N d, and Sm (McCulloch and Wasserburg 1978a, b; Lugmair, Marti, and Scheinin 1978) as well as excesses of 42 Ca and 48 Ca (Lee, Papanastassiou, and Wasserburg 1978) . The results on C-1 strongly point to a deficiency at 5 1Yfi which is in accord with the observations of deficiencies in 48 Ca and 135 Ba. However, there is evidence in Sr and Sm for isotopic mixtures in these inclusions which are not readily related to such correlation McCulloch and Wasserburg 1978a, b) . In addition, we see that not all the Ti abundance patterns are compatible with different proportions of shielded and unshielded isotopes analogous to standard "r" and "s" mixtures.
The data for Ca in C-1, EK-1-4-1, and HAL show that no substantial effects exist at the rare isotope 46 Ca, although large effects are present in the more abundant 48 Ca and small effects in 42 Ca. It follows that the Ca and Ti effects cannot be due to a standard r-process in which stable nuclei result from decay of very neutron-rich isobars far off the line of beta stability. The generic mini-r-process of neutron bombardment, assuming a seed of solar abundances proposed by Truran and Cameron (1978) to explain the observed excesses of unshielded nuclei at large atomic number (Ba, Nd, Sm) in EK-1-4-1, needs to be explored in a more detailed manner to judge effects at Ca and Ti. An ad hoc hypothesis that 46 Ca has a very large neutron capture cross section [>50 u( 48 Ca)] under these conditions is difficult to justify. From the study by Howard et al. (1972) , which is the most extensive analysis of normal Ca and Ti production in explosive carbon burning using a reaction network, it appears that (n, "(), (p, 'Y), and (p, n) reactions on 4°C a and 38 Ar play a key role. These authors find that absolute and relative Ti isotopic abundances are very sensitive to temperature and also calculate large overabundances of 46 Ca and 47 Ti which are not observed. Cameron (1979) has discussed the production of Ca and Ti for solar abundances with consideration of the problem of 46 Ca and points out that one of the most effective ways that neighboring isotopes can have enormously different abundances is when there is an approach to nuclear equilibrium. He concludes that neutron-rich silicon burning may be responsible for 46 Ca, 48 Ca, and 50 Ti production in solar proportions. It is clear that quasiequilibrium or neutron-rich silicon burning can produce 48 Ca and 5 1Yfi without excessive amounts of 46 Ca. In contrast, calculations of detailed "kinetic" models involving n, p, a reactions on seed nuclei, such as those done by Howard et al. (1972) , are found to grossly overproduce 46 Ca. It is possible that the mechanisms for quasi-equilibrium production of nuclides in the general neighborhood of the iron peak (Ca, Ti, V, Cr) require reconsideration in terms of both observed anomalies and normal abundances. The diversity of isotopic anomalies due to differing nuclear processes observed in Allende inclusions indicates mixing of material from very different stellar sites. This suggests that the observed anomalies are residues of much larger isotopic heterogeneities which must have originally been present in the protosolar nebula over small distances.
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